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optical/NIR spectra of highest-z objects 
Galaxy 
z = 6.96 

Quasar 
z = 6.4 

GRB 
z = 6.3 

•  Lyman alpha emitter 
•  can be found with 
systematic  wide-field 
narrow band survey + 
spectroscopy 
•  little information in 
spectra (e.g. metal?) 
•  luminosity selected 

•  very rare: only 10 at 
z>6 in SDSS 
•  steadily bright 
•  complicated spectra: 
difficult to  interpret 
•  proximity effect 
•  luminosity-selected 

•  rare: ~<5% at z>6 ? 
•  bright at early phase 
•  simple intrinsic 
spectra:  

abundant information 
•  no proximity effect 
•  sampling normal star-
forming glaxy 
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Savaglio et al. 2009 
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GRBs probe … 
"  Metallicity  

"  [S/H] =-1.3 for GRB050904 at z=6.3 
"  xHI: IGM neutral hydrogen fraction 

"  consistent with 0.0 at z=6.3 (<0.6 at 3#) 
"  SFR as a function of z 

"  statistics of GRBs with known redshifts 
"  Nature of the pop-III stars 

"  how do they explode? 
"  SN products (Fe, !-elements) similar to 

low-z thermonuclear/core-collapse SNe? 
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Gamma-ray prompt emission 
long: cosmological time dilation 

GRB 050904 

Long GRB (duration T90 = 225 s) 
detected by Swift on 4 September 
2005, 01:51:44 UT, 

Cusumano et al. 2006 

X-ray afterglow: 
Bright and flaring 

Haislip et al. 2006 
Bright in infrared, but dark in the optical band 

J=17.4                       R> 20.1 
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Subaru Images (t0+3 days) 

" z’(AB) = 23.71± 0.14 mag,  
" No detection in Ic band. 
" ! Ly break at 8500–9000 A° . 

750-850 nm 850-950 nm 
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Ly! break 

SII 

SiII* 

OI CII 

SiII 

z  $ 6.3 z = 6.295±0.002 

GRB 050904 at t=3.4 d 

Subaru FOCAS 4.0 hrs,  %/&%$1000 
Kawai et al. (2006) 
Totani et al. (2006) 

[S/H]=-1.3 

Log NHI=21.6 

xHI>10-3 
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Fitting to the Damping Wing 
Å 

(z=6.295) 

1 sigma errors 

Wavelength [Å] 

IGM, xHI=1, zIGM,u=6.36 

DLA, logNHI = 21.62, zDLA=6.295 

DLA 

IGM 
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Constraint on xHI? 
Å 

(z=6.295) 

IGM, xHI=1, !
zIGM,u=6.295 

1 sigma errors 

xHI 
z=6.295 

DLA, logNHI = 21.62, zDLA=6.295 

"  zIGM,u = zDLA = 6.295 

"  best fit xHI = 0.00 
"  xHI <  0.17 (68 % C.L.) 
              0.60 (95% C.L.) 

Totani et al. ’06   



Comparison with other 
measurements of reionization
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Cosmic Reionization 87

Figure 15: The volume averaged neutral fraction of the IGM versus redshift using

various techniques. The dash line shows the fiducial model of Gnedin (2004) with

late reionization at z = 6−7, the solid line shows an idealized model with double

reionization as described in Cen (2003a), and the dotted line illustrates the model

with early reionization at z ∼ 14.

Fan et al. ’06   
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Prospects for constraining xHI with GRBs 
•  low NHI GRBs? 

–  only weak constraint on xHI due to DLA with log NHI > 21.5  
–  However, there are GRBs (~20%)  with log NHI "20 
–  promising chance for a better constraint on xHI by IGM 

damping wing 

Jacobsson et al. ’06   

QSO-DLAs

GRB-DLAs

GRB 050904 



Cosmic Chemical Evolution
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QSO-DLAs

Updated version from
Savaglio, Glazebrook & Le Borgne (2009)

Cosmic chemical evolution from GRBs

GRB-DLAs

GRB hosts
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Fynbo et al. 2006 
Prochaska et al. 2003 
Sollerman et al. 2005 
Savaglio, et al. 2009 

GRB 050904 
NK+ 2006 

•  Metallicity higher than quasar DLA 
•  Weak dependence on redshift 
•  Definite cases of high / low metallicities 
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DLA in GRB and Quasar 
GRB 

Quasar 
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GRB 050904 Host galaxy 

> 26.4 AB mag (3#) 
M1260 > -20.4 mag # L<L* 
SFR < 7.5 Msun/yr 

 i’-band (24 ks)  NB921 (56.7 ks) 

Aoki et al. 2006 

26.6 AB mag 

28 kpc 

Dec 27 ’05--Jan 01 ’06 
(t0+115~119d) 

blueward of Lyman break redward of Lyman break 
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GRB 050904 Host galaxy 

M2200 > -20.3 mag # L!L* 
SFR < 5.7 Msun/yr Berger et al. 2007 

extinction estimates agree with the significant dust depletion in-
ferred from the afterglow absorption spectrum (Kawai et al. 2006).

At the redshift of the host the observed 3.6 !m band roughly
traces the rest-frame optical B band, leading to an extinction-
corrected absolute magnitude, MAB(B) k !21 mag. The rest-
frame UV brightness, traced by the observed F160W band, is
MAB(2200) k !20:3 mag, or MAB(1400) k !20:7 mag if we
use the F850LP limit. These values correspond to a luminosity,
LPL", compared to the luminosity function of z # 6 candidates
in the HUDF (based on photometric redshifts alone; Bouwens &
Illingworth 2006); see Figure 3.

We place a limit on the host star formation rate (SFR) us-
ing L"(2200)P1:7 ; 1028 ergs s!1 Hz!1 and the conversion re-
lation of Kennicutt (1998). This leads to a limit of SFRP
2:4 M$ yr!1, orP5.7M$ yr!1 when accounting for rest-frame
extinction (Fig. 3). These values are in agreement with the
limit ofP0.8M$ yr!1 inferred from the lack of detectable Ly#
emission in the absorption spectrum of GRB 050904 (Totani

et al. 2006), although we stress that the latter value has not been
corrected for extinction (by about a factor of 4) and is also
subject to significant corrections from scattering of the Ly#
photons by neutral gas.

Combining the HST and Spitzer limits, we provide a rough
constraint on the stellar mass of the host galaxy. Adopting as a
template the z ¼ 6:56 galaxy HCM 6A, withM ¼ 8:4 ; 108 M$
and a stellar population age of 5Myr (Chary et al. 2005), we find
a rough limit of Pfew ; 109 M$, similar to that of the Large
Magellanic Cloud.

5. DISCUSSION

GRB 050904 is by far the highest redshift spectroscopically
confirmed burst observed to date. Equally important, its host
galaxy is so far the only z > 5 galaxy for which an estimate of
the metallicity is available. Given the relatively small number of
spectroscopically confirmed galaxies at z > 5:5, it is instructive
to compare the properties of a GRB-selected galaxy to those se-
lected through narrowband Ly# imaging or the Lyman drop-out
technique. In Figure 3 we compare some of the basic properties,
which are available for the latter samples, namely the rest-frame
absolute magnitudes and UV/Ly# star formation rates. We find
that in the published sample, only 14 galaxies are located at a
higher redshift than the host of GRB 050904.Moreover, the host
has lower UV luminosity and star formation rate than about 80%
of all the known galaxies at z > 5:5, when accounting for ex-
tinction. If we do not include extinction corrections (which are
not available for the field galaxies), then the host of GRB 050904
has the lowest star formation rate of any z > 6 galaxy discovered
to date.

We now turn to a comparison of the metallicity and luminosity
of the host of GRB 050904 to those of lower redshift galaxies
in the context of the L-Z relation. First, we provide a note of cau-
tion that we are comparing a metallicity derived from absorption
lines (in this case [S/H], since sulfur is a nonrefractory element)
to the oxygen abundance derived from emission lines using the

Fig. 3.—Inferred properties of the host of GRB 050904 compared to the
published sample of spectroscopically confirmed galaxies at z > 5:5 (Hu et al.
1999, 2002, 2004; Bunker et al. 2003; Cuby et al. 2003; Kodaira et al. 2003;
Rhoads et al. 2003, 2004; Dickinson et al. 2004; Kurk et al. 2004; Nagao et al.
2004, 2005; Stanway et al. 2004; Chary et al. 2005; Eyles et al. 2005; Stern et al.
2005; Stiavelli et al. 2005; Taniguchi et al. 2005; Westra et al. 2005). Open and
filled black triangles designate raw and extinction-corrected limits, respectively,
for the host galaxy. Both detections (circles) and upper limits (triangles) are
shown for the distributions of redshifts, absolute rest-frame UVmagnitudes, and
star formation rates. The dashed line in the middle panel designates anM " galaxy
at z # 6 (Bouwens & Illingworth 2006).

Fig. 4.—Metallicity as a function of luminosity for the host of GRB 050904,
our observedHST/Spitzer limits, and the [S/H] value inferred from the afterglow
absorption spectrum (Kawai et al. 2006). Also shown are emission-line oxygen
abundances for galaxies fromGDDS and CFRS at z # 0:4Y1:0 (circles; Savaglio
et al. 2005), TKRS at z # 0:3Y1:0 (diamonds; Kobulnicky & Kewley 2004), the
DEEP2 survey at z # 1:0Y1:5 (squares; Shapley et al. 2005), and a compilation
of 87 Lyman break galaxies at z # 2:3 (error bars; Erb et al. 2006). The gray lines
represent the relations derived for z # 0:1 galaxies in the SDSS (Tremonti et al.
2004). The host of GRB 050904 lies below the z # 2 relation for any reasonable
luminosity.

AFTERGLOW AND HOST GALAXY OF GRB 050904 105No. 1, 2007

line: z~0.1 (SDSS) 
circles: z~0.4-1.0 
               (CFRS, GDDS) 
diamonds: z~0.3-1.0 
                         (TKRS) 
squares: z~1.0-1.5  
                      (DEEP2) 
error bars: z~2.3 (LBG)  

z=6.3  
(GRB 050904 host) 



GRB 080913 @ z~6.7
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GRB 080913 @ z~6.7

(Greiner+’09)
2-3 hrs, z’~24.5(AB), 2400 s exp.
damping wing detected, but difficult to
discriminate DLA or IGM c.f. GRB 050904, z~6.3

3.4 days, z’=23.7(AB), 4 hr exp.

(Greiner+’09)  
2-3 hrs, z’~24.5(AB), 2400 s exp. 
damping wing detected, but difficult to 
discriminate DLA or IGM

c.f. GRB 050904, z~6.3  
3.4 days, z’=23.7(AB),  
4 hr exp.



GRB 080913 (reanalysis)
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M. Patel et al.: The reanalysis of spectra of GRB 080913

Fig. 1. Combined VLT/FORS2 spectrum of GRB 080913. The data have been binned by a factor 4, providing 2 binned pixels per resolution
element. The 1σ error spectrum is plotted in red and is offset by −2.0× 10−17 Wm−2 µm−1 for clarity. The position of the S +Si  absorption line
(as indicated), implies a source redshift of 6.733. The dotted line corresponds to redshifted Lyα.

Fig. 2. Best-fit single-component DLA and IGM models, overplotted on
the GRB afterglow spectrum, which is rebinned by a factor of 4.

The DLA model has three free parameters: the redshift,
zDLA; the column density, NHI; and the continuum normalisa-
tion at a wavelength of 0.96 µm, cDLA. We find best-fit values
of log (NHI/cm−2) = 19.84 and zDLA = 6.731. The redshift
is in excellent agreement with the absorption-line redshift. The
value of NHI is low in comparison with the majority of GRB-
DLA systems detected so far (Fynbo et al. 2009), which is in-
teresting as this is in line with the prediction of Nagamine et al.
(2008) that the typical column densities of GRB-DLA systems
decrease towards higher redshifts. The IGM model is defined by
four parameters: the neutral fraction xHI, the continuum normal-
isation at 0.96 µm, cIGM, and the upper and lower redshift limits
over which xHI applies, zIGM,u and zIGM,l. We fix the lower red-
shift to be zIGM,l = 6.0. We find best-fit model parameters of
xHI = 0.21 and zIGM,u = 6.737. The two models are plotted in
Fig. 2 and are almost indistinguishable, implying that there will
be a strong degeneracy between the parameters NHI and xHI in a
two-component fit.

These two fits are quite different from those obtained
by Greiner et al. (2009), who found much stronger absorp-
tion. For the DLA model, their 95.4% confidence range is

20.29 < log (NHI/cm−2) < 21.41, and for the IGM model they
found a best-fit value xHI = 1.00, with xHI > 0.35 at 95.4%
confidence. From an analysis of the two spectra, the differences
may be explained by systematic sky-subtraction residuals in
their spectrum, caused by the strong OH sky lines in the re-
gion 0.93−0.96 µm (visible in the error spectrum, Fig. 1). We
demonstrate this by a quantitative comparison of the two spectra
and error arrays. We first binned each spectrum by a factor of
four, summing the variance arrays appropriately. We then sub-
tracted a median-filtered version of the data, and divided the
result by the error array. In the absence of systematic errors,
or significant features in the spectra, these S/N spectra should
have a mean of zero and σS/N ∼ 1.0. We find this to be true for
our spectrum, at all wavelengths, and also for the spectrum of
Greiner et al. (2009) in regions free of strong sky lines. However,
over the wavelength range of interest 0.93−0.96 µm, we measure
σS/N = 1.7 in their spectrum, which is strong evidence of sys-
tematic sky-subtraction residuals.

Turning now to the two-component model, we firstly fix zDLA
to the absorption redshift of z = 6.733, since the absorption pre-
sumably arises in the dominant neutral-gas system of the host
galaxy. However, we must consider the possibility that zDLA and
zIGM,u differ, because the GRB host galaxy is surrounded by
an ionised region. The two-component model therefore requires
five parameters: xHI, zIGM,u, zDLA, NHI and the continuum nor-
malisation at 0.96 µm, c. A further complication is the uncertain
degree of absorption within the ionised bubble. The GP (Gunn
& Peterson 1965) optical depth is given by

τGP = 5.4
(
1 + z
7.7

)3/2 ( xHI

10−5

)
(1 + ∆), (2)

where ∆ is the overdensity. If τGP is large, there is negligible
transmission blueward of Lyα, so that only the wavelength range
redward of Lyα is useful. Under these conditions, at this low
S/N, we find we can obtain no useful constraints on the various
parameters of the two-component model – for the IGM com-
ponent, which only contributes significantly to the wing of the
absorption profile, a large ionised region and large xHI provides
a similarly good fit as a small ionised region and small xHI. On
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Log NHI=19.84, zDLA=6.731 
xHI=0.21, zIGM=6.737 

zIGM=6.733

(Patel+’10)  
additional 3.5 hour exp at +3 days: S/N improved x1.3 
xHI<0.73 (90%)  (IGM+DLA model)



GRB 090423 @ z~8.1
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Salvaterra+’09 TNG/NICS, 
R~50 ~14 hrs

z=8.1-0.3
+0.1 

spectrum taken with the Amici prism on the TNG/NICS camera at ~14 hrs  



GRB 090423
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Tanvir+’09 

 VLT/ISAAC, ~17.5hr,  
J~20.8 ~30 min exp.  
Only upper bound on NHI 
 (=no detection of damping wing)



30m/JWST sensitivity vs. GRBs
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M. Iye

z=6.3

30m/JWST sensitivity

from M. Iye M. Iye



30m/JWST sensitivity vs. GRBs
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30m/JWST sensitivity vs. GRBs

! convert into R mag, z=1
! Fν∝ t-1ν-1  
! observe at 1 day after z=10 
burst  →  ~0.1 day for z=1

(Greiner+’09)

30m ELT spectroscopy
1 hr, S/N=10

30m ELT broad-band
1 hr, S/N=10

Greiner et al. 2009

z=6.3

z=6.7



# of GRBs required for measuring reionization

"  ~1% of GRBs at z > 10  
"  ~20% of GRBs have log NHI/cm-2 < 20 
"   # 0.2% of GRBs can be used to measure xHI at z~10  
"  500 GRBs required! We need to be patient... 

"  further reducing factors:  
"  NIR follow-up availability  
"  dark GRBs (hopefully not important at very high-z) 
"  gamma-ray sensitivity (Swift level or better)  
"  afterglow brightness (ELT/JWST will be OK) 

"  high sensitivity, high event-rate GRB mission desirable 
in the ELT/JWST era!

24 

Totani 09



MOIRCS Ks band (5”.0 x 5”.0)

Seeing size

Swift/XRT error circle

Seeing size

GRB 080325: A dark GRB in a metal-rich host?

No optical detection of the afterglow within Swift/XRT error circle 

Subaru/MOIRCS  J, Ks band ToO obs.  
                                               ! Detection in Ks band  (Ks=22.8) 

8.7 hours after the burst 33.5 hours after the burst Afterglow (a)-(b)

Hashimoto et al. 2010



SFH = constant SFR 
           tau =10Myr, 100Myr, 1Gyr, 10Gyr 
            instantaneous  burst 

IMF = Salpeter

Stellar population synthesis model 
= PEGASE.2

10” x 10”

Redshift  = 

Av,host =              mag M* =                     Msun

SFR =            Msun/yr

Suprime-Cam MOIRCS

GRB 080325 host:  imaging at +1 year

MB = -21.8  ～  L*  at z ～ 2

Hashimoto et al. 2010



GRB 080325: A dark GRB in a metal-rich host?

Absolute magnitude MB
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080325

Mass-metallicity 
relation z～2

Hayashi et al. 2009

Erb et al. 2006

Critical line

Modjaz et al. 2008

■

■

■Dark GRBs (spec.) 

051022 
(Graham et al. 2009)

020819 
(Levesque et al. 2010)
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X-ray vs. optical/NIR 
"  Optical/NIR afterglow detection rate only ~50% 

"  X-ray afterglow detection ~100% 
"  optical: metallicity measurements affected by dust 

"  some elements condensed in dusts 

"  X-ray absorption edge 
"  redshift 
"  metallicity 

X-ray edges  by NH=5 1022 cm-2 
with 1/3 solar for GRB at z=7  

Fe 
Si 

S 



Observing Gamma-Ray Bursts with ASTRO-H 

  Simulation: GRB 050904 at ~104 s after onset 

':  –1.7 

Flux:  
2x10–10 erg/cm2/s 

29 Cusumano et al. 2007 



Observing Gamma-Ray Bursts with ASTRO-H 

  Simulation: GRB 050904 at ~104 s after onset 

NH = 2•1022 cm–2 

30 Simulations by Yonetoku, Fujimoto 

Fe K absorption edge 

Flux:  2 10–10 erg/cm2/s 
':  –1.7 
z=6.30, Z=1.0 
Exposure: 20 ks 

NH = 2•1023 cm–2 NH = 2•1023 cm–2 

#  z= 6.29±0.01 
   ZFe= 0.94±0.06 

Si K absorption edge 

z = 6.3  



High X-ray absorption column density 
(1022~1023 cm-2) may be expected at high z 

31 

GRB X-ray column densities 2433

Figure 1. Distribution of the X-ray column densities of Swift GRBs
promptly observed by the XRT instrument. The continuous line histogram
has been derived from positive detections, the dashed histogram also in-
cludes upper limits. The continuous line represents the fit with a lognormal
function.

Figure 2. X-ray column densities versus redshift. Upper limits also plotted
as arrows.

the sample. These results strongly support an origin of long GRBs
within high-density regions of host galaxies.

With our large sample, we can also check if there is any depen-
dence on redshift. To detect an intrinsic column density, one prefer-
entially selects higher column density at higher redshifts since the
column density contribution is shifted towards lower energy bands
and therefore more difficult to identify. To get the same absorption
contribution in an X-ray spectrum at different redshift, the intrinsic
column density should increase as ∼(1 + z)2.6−2.7 (e.g. Galama &
Wijers 2001). The interesting point is that of the 10 GRBs at redshift
z ! 4 only two have upper limits (see Fig. 2). The mean value of
this absorption (excluding upper limits) is ∼ 5 × 1022 cm−2 with a
large dispersion. This indicates that the available space for a weakly
absorbed GRBs is at a level of only ∼20 per cent. To quantify this
statement, we compare the column density distribution of bursts at
z > 4 with the ones at z < 1. For the two upper limits in the z >

4 sample, we take a worst case approach and fix them to the mean
column density of the z < 1 sample (i.e. 5 × 1021 cm−2, see also
below). A Kolmogorov–Smirnov (KS) test of the two distributions
shows that they are not drawn from the same parent distribution

with a probability of 0.08 per cent (equivalent to Gaussian 3.3σ ).
This value does not change for lower values of the high z upper
limits. This implies either the lack of low absorption burst at high
redshift or the lack of heavily absorbed bursts at low redshift. The
first instance might be explained by a higher mean and/or compact-
ness of star-forming regions at high redshifts. Alternatively, in a
few cases, absorption caused by intervening systems can also play
a role (Campana et al. 2006). The second instance might find an
explanation in the change of optical extinction curve (e.g. due to a
change in dust composition, dust to gas ratio, grain size): at high
redshifts the extinction curve should be much flatter and similar
to the one determined for quasars (Maiolino et al. 2004), at lower
redshifts the curve should resemble more closely one of our Galaxy,
with a higher optical absorption for the same X-ray absorbing col-
umn density. If this is true, heavily absorbed bursts at low redshift
are missing from our sample because for these bursts we cannot get
an optical counterpart and/or a redshift, i.e. they likely populate the
‘dark’ burst class.

We therefore search for a possible correlation between the pres-
ence of high X-ray absorbing column density and the darkness of
a GRB. Following Jakobsson et al. (2004), a GRB is classified as
dark if the optical (R band) to X-ray spectral index βOX is smaller
than 0.5. We first consider the sample of Cenko et al. (2009) where
βOX has been evaluated at 1000 s after the burst detection (see also
Perley et al. 2009). In this sample, there are five dark bursts and nine
non-dark bursts common to our sample. A KS test on the distribu-
tion of column densities of the two sample provides a probability
of 15 per cent of being drawn from the same population. We also
consider the work by Zheng, Deng & Wang (2009) in which βOX has
been evaluated at 11 h (as the original definition by Jakobsson et al.
2004). The two optical samples are not overlapping and some burst
classified as ‘dark’ in one sample is not dark in the other and vice
versa. In this case, we have four dark GRBs and 39 firm non-dark
GRBs (with βOX > 0.6) in common with our sample. We included
in the non-dark burst sample three upper limits (with NH < 4 × 1021

cm−2) taking their upper limit as the true value. In this case, a KS
test provides a probability of 2 per cent (corresponding to a 2.3σ

Gaussian probability). This might suggest a different population
but the dark population lack a sufficiently high number of GRBs to
perform a reasonable statistical analysis.

It has been suggested that not only intrinsic absorption might be
a cause of darkness of a GRB but also the redshift. We therefore
tried a two parameter (or bidimensional) KS test (Press, Flannery
& Teukolsky 1986), testing together the X-ray column density and
the redshift. In the case of βOX evaluated at 1000 s, the 2D KS
probability is 16 per cent, in the case of βOX evaluated at 11 h the 2D
KS probability is 16 per cent. This indicates that X-ray absorption
alone or together with redshift cannot provide a statistically sound
explanation for the darkness of GRBs. Cenko et al. (2009) suggested
that optical absorption is the likely cause, but based on their sample
a KS test of the host absorption of dark and non-dark GRBs cannot
statistically support this suggestion.

Last, we compare X-ray column densities to the hydrogen col-
umn densities derived from optical data (available for GRBs at z !
2). This is now possible thanks to our large X-ray sample and the op-
tical GRB sample recently presented by Fynbo et al. (2009). These
two samples comprise 36 common GRBs (including three more
from the literature, GRB050505, GRB050904 and GRB081203).
Out of these 36 GRBs, five GRBs have only an upper limit in X-
rays and one has an upper limit in the optical (see Fig. 3). A KS
test of the 30 GRB X-ray and optical column densities provide a
probability of 1.1 per cent (Gaussian 2.5σ ) that the two populations
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Figure 1. Distribution of the X-ray column densities of Swift GRBs
promptly observed by the XRT instrument. The continuous line histogram
has been derived from positive detections, the dashed histogram also in-
cludes upper limits. The continuous line represents the fit with a lognormal
function.

Figure 2. X-ray column densities versus redshift. Upper limits also plotted
as arrows.

the sample. These results strongly support an origin of long GRBs
within high-density regions of host galaxies.

With our large sample, we can also check if there is any depen-
dence on redshift. To detect an intrinsic column density, one prefer-
entially selects higher column density at higher redshifts since the
column density contribution is shifted towards lower energy bands
and therefore more difficult to identify. To get the same absorption
contribution in an X-ray spectrum at different redshift, the intrinsic
column density should increase as ∼(1 + z)2.6−2.7 (e.g. Galama &
Wijers 2001). The interesting point is that of the 10 GRBs at redshift
z ! 4 only two have upper limits (see Fig. 2). The mean value of
this absorption (excluding upper limits) is ∼ 5 × 1022 cm−2 with a
large dispersion. This indicates that the available space for a weakly
absorbed GRBs is at a level of only ∼20 per cent. To quantify this
statement, we compare the column density distribution of bursts at
z > 4 with the ones at z < 1. For the two upper limits in the z >

4 sample, we take a worst case approach and fix them to the mean
column density of the z < 1 sample (i.e. 5 × 1021 cm−2, see also
below). A Kolmogorov–Smirnov (KS) test of the two distributions
shows that they are not drawn from the same parent distribution

with a probability of 0.08 per cent (equivalent to Gaussian 3.3σ ).
This value does not change for lower values of the high z upper
limits. This implies either the lack of low absorption burst at high
redshift or the lack of heavily absorbed bursts at low redshift. The
first instance might be explained by a higher mean and/or compact-
ness of star-forming regions at high redshifts. Alternatively, in a
few cases, absorption caused by intervening systems can also play
a role (Campana et al. 2006). The second instance might find an
explanation in the change of optical extinction curve (e.g. due to a
change in dust composition, dust to gas ratio, grain size): at high
redshifts the extinction curve should be much flatter and similar
to the one determined for quasars (Maiolino et al. 2004), at lower
redshifts the curve should resemble more closely one of our Galaxy,
with a higher optical absorption for the same X-ray absorbing col-
umn density. If this is true, heavily absorbed bursts at low redshift
are missing from our sample because for these bursts we cannot get
an optical counterpart and/or a redshift, i.e. they likely populate the
‘dark’ burst class.

We therefore search for a possible correlation between the pres-
ence of high X-ray absorbing column density and the darkness of
a GRB. Following Jakobsson et al. (2004), a GRB is classified as
dark if the optical (R band) to X-ray spectral index βOX is smaller
than 0.5. We first consider the sample of Cenko et al. (2009) where
βOX has been evaluated at 1000 s after the burst detection (see also
Perley et al. 2009). In this sample, there are five dark bursts and nine
non-dark bursts common to our sample. A KS test on the distribu-
tion of column densities of the two sample provides a probability
of 15 per cent of being drawn from the same population. We also
consider the work by Zheng, Deng & Wang (2009) in which βOX has
been evaluated at 11 h (as the original definition by Jakobsson et al.
2004). The two optical samples are not overlapping and some burst
classified as ‘dark’ in one sample is not dark in the other and vice
versa. In this case, we have four dark GRBs and 39 firm non-dark
GRBs (with βOX > 0.6) in common with our sample. We included
in the non-dark burst sample three upper limits (with NH < 4 × 1021

cm−2) taking their upper limit as the true value. In this case, a KS
test provides a probability of 2 per cent (corresponding to a 2.3σ

Gaussian probability). This might suggest a different population
but the dark population lack a sufficiently high number of GRBs to
perform a reasonable statistical analysis.

It has been suggested that not only intrinsic absorption might be
a cause of darkness of a GRB but also the redshift. We therefore
tried a two parameter (or bidimensional) KS test (Press, Flannery
& Teukolsky 1986), testing together the X-ray column density and
the redshift. In the case of βOX evaluated at 1000 s, the 2D KS
probability is 16 per cent, in the case of βOX evaluated at 11 h the 2D
KS probability is 16 per cent. This indicates that X-ray absorption
alone or together with redshift cannot provide a statistically sound
explanation for the darkness of GRBs. Cenko et al. (2009) suggested
that optical absorption is the likely cause, but based on their sample
a KS test of the host absorption of dark and non-dark GRBs cannot
statistically support this suggestion.

Last, we compare X-ray column densities to the hydrogen col-
umn densities derived from optical data (available for GRBs at z !
2). This is now possible thanks to our large X-ray sample and the op-
tical GRB sample recently presented by Fynbo et al. (2009). These
two samples comprise 36 common GRBs (including three more
from the literature, GRB050505, GRB050904 and GRB081203).
Out of these 36 GRBs, five GRBs have only an upper limit in X-
rays and one has an upper limit in the optical (see Fig. 3). A KS
test of the 30 GRB X-ray and optical column densities provide a
probability of 1.1 per cent (Gaussian 2.5σ ) that the two populations
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93 Swift GRBs with known redshifts, solar abundances assumed



Conclusion
•  GRB is a unique probe for the early Univers 

–  IGM neutral fraction by damping wing! 
–  Metallicity through absorption lines/edges 
–  Star formation rate by GRB rate vs. redshift 

•  currently hampered by small event rate and 
insufficient sensitivity in NIR spectroscopy! 
–  30m telescopes / JWST sufficiently sensitive 
–  Need more event 
# optimized GRB mission needed! 

# EDGE/Xenia, Janus, EXIST 

•  ASTRO-H can be a pathfinder for Xenia 
–  can measure metal absorption edges of high-z GRBs 
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